NASA TECHNICAL TRANSLATION NASA TT F-15,967

FLECTRICAL AND RADIATION CHARACTERISTICS OF WATER IN THE
DECIMETER AND METER RANGE
and V. S. Etkin

V. Yu. Rayzer, Ye. A. Sharkov,
(NASA-TT-F-15967) ELECTRICAL AND _ N74-33884
RADIATION CHARACTERISTICS OF WATER IN THE
DECINETER AND METER RANGE (Kanner (Leo)

C5CL ¢7D Unclas

Associates) 68 p HC $6.50
G3/13 50394

s
Translation of Elektricheskiye 1 izluchatel'nyye kharacter-
istiki vody v detsimetrovom 1 metrovom diapazonakh, Institute
of Space Research, USSR Academy of Sciences, Report Pr-164,
Moscow, 1974, pp. 1-46, plus figures

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546 OCTOBER _, 1974



" STANDARD TITLE PAGE

1. Report No. 2. Government Accassion No. 3. Recipient’'s Cotalog No.
NASA TT F-15,967
4. Title and Subtitle port Date
ELECTRICAL AND RADIATION CHARACTERISTICS 0CESBEE 1974
OF WATER IN THE DECIMETER AND METER 6. Performing Orgonizotion Code
BANGE
7. Author(s) ‘ B. Performing Organization Rapart No.
V. Yu. Rayzer, Ye. A. Sharkov, and
V. 8. Etkin 10. Wark Unit No.
Contrucf ¢ Grant No.
9, Performing Orgonizotion Mama and Address ) N SW=2 ﬁ
Leo Kanner Agssociates 13. Type of Report and Period Covered

Redwood City, California 94063

12. Sponsoring Agency Name ond Address

National Aeronautics and Space Admini- 14. Sponsoring Agency Code
stration, Washington, D.C. 20546

15. Supplementary Notes

Translation of Elektricheskiye i izluchatel'nyye kharakter-
istikl vody v detsimetrovom 1 metrovom diapazonakh, Institute
of Space Research, USSR Academy of Sciences,; Report Pr-164,
Moscow, 1974, pp. 1-45 plus figures

16, Abstract

An examination is made of the effect of the temperature and
galinity of sea water on its dielectric constants and the
radiation characteristics of a smooth water surface in the

10-200 cm wavelength range. With relference to the dependence

of the dlelectric constants on temperature and salinity,
and also the effect of atmospheric glow, 1t was shown that
the optimal working range of the working wavelengths for
investigating the distribution of the salinity of the ocean
by passive remote methods is the 60-80 cm range. And a
43,59 K decrease in the radiobrightness temperature corres-
ponds to a 0-30 per mil salinity change, at the wave%ength
of 75 cm and the radiating surface temperature of 207C.
Experimental materlial is comparsd with the theoretical cal-
culations.

17. Key Words (Selected by Author(s)) 18, Distribution Stgtement

Unlimited - Unclaggified

19.U_Se=uii-ty Clnniff‘. {of this raport) 20, Security Clasaif. (of this pagse) 21. Ne. of Pages 22.'“Pri‘¢:e’“.:'
nelasgsgified - s
Unclassified 68

;%IKEEENG-PAGE]EEJUﬁKQNOE FﬂjﬂE?

NASA-HQ



AUTHORS' ABSTRACT /2

" An examination is made of the effect of the temperature and
salinity of sea water on its dielectric constants and the‘raq;ation
characteristics of a smooth water surface in the 10-200 cm wave-
length range. With reference to the dependence of the dielectric
constants on temperature and salinity, and also the effect of
atmospheric glow, it was shown that the optimal working range of
the working wavelengths for investigating the distribution of the
salinity of the ocean by passive remote methods is the 60-80 cm
range. And a 43.5° K decrease in the radiobrightness temperature
corresponds to a salinity change of O to 30 per mil, at the wave-
length of 75 cm and radiating ‘surface temperature of 20° C.

The experimental material-masicompared with the theoretical

calculations.
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INTRODUCTION /3

Literature Review

To solve several scientific and applied problems (for example,
remote probing of the Earth, and satellite meteorology and ocean-
ology), detailed data on the electrical, radiation, and reflec-
tion characteristics of fresh and sea water are required over a
wide range of wavelengths: from the millimeter to the meter and
dekameter /sic/ ranges.

Interpretation of the measurement of reflection:and radia-
tion characteristics of the water surface 1s possible only when
data are available concerning the dielectric constants of solu-

tions at different temperatures and salt concentrations.

The present study gives a detailed calculation of the dielec-
tric characteristics of fresh and salt (NaCl solution)l water in
the 0-40° C temperature range and the 0-40 per mil salinity range,
based on the Debye polarization model ZI, g7 for wavelengths from
10 to 200 em. Caleulation results are compared with available
experimental data 1n this frequency range aimed at finding the
applicability of the Debye polarilzation model lor fresh and es-
peclally sea water, which is a subject of broad discussion 13} 2,
4, 57. From the data in / 5_/ it follows that the theoretical
calculation of the characteristics in this case must be done with
a relative precision not poorer than 0.1 percent.

1
2.

The problem of the effect of other salts is treated in Sectlon
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Based on idata on the dielectric characteristics, in the pre-
sent study are presented calculations of the radiation and reflec-
tion characteristics of a guiet water Surface2 in the above-
indicated temperature, freguency, and salinity ranges. In addi- ZE
tion, the effect on the radiobrightness temperature of a quiet
water surface exerted by temperature and salinity is discussed.
Study of these dependences is important bofth from.the standpoint
of finding the possibllities of the remote investigation of the
distribution of salinity and temperature, and from the methodo- !
logical viewpoint, since calibrating radiometriec conboard systems

with respect to a quiet water surface is one of the most precise

methods / 7_/.

If the expression for the radiobrightness temperature must
have a precisgsion of the order of 0.2° K, the relative error in

the caleulations of emissivity must be better than 0.2 percent
[8 7.
From the requlrements of the problems formulated, all nume-

rical results are represented in tabular form (the relative pre-

cigion 1s abcut 0.1 percent), as well as in graphs.

We note that the domestic and forelgn literature contains
fragmentary reports on the dielectric constants and the radiation
characteristics of sea water for certain mean values of tempera-
ture and salinity, and there are no data on the variation within
the temperature ard salinity ranges intrinsic to sea water in

different parts of the World Ocean.

Available experimental data on the electikical characteris-

tics of water are generalized in a number of recent reviews

/9, 10, 4, 11/.

2 The problem of the radiation characteristics of a wave-agitated
sea 1s the subject of special investigation (for example, / 6_/).



From studies on the theoretical calculation of the radiation
characteristics of fresh and sea water, 17} 127'must be singled
out.. The first of these gives a detailed theoretical calculation
of the effect of temperature and salinity on the radiation of a
smooth water surface in the centimeter range (0.3-8.5 em) by
relying on the Debye relaxation model of polarization 177;7.

The emissivity of water in the range from the millimeter Zi
to the meter waves is calculated in the second study [Ig7. However,
in the calculations several assumptions are made; these lead to
the apparent independence of the dielectric constant from salinity,
which -- in turn -- strongly affects the magnitude of the emissi-

vity of the ocean surface {see below).

In a recent study 1337 based on the Debye model, the authors
constructed functions similar to those examined below, however
the precision of the plotting of the graphs (computer-sided) is
poorer than 2 percent (in the estimates of the authors themselves).
Also, there is no comparison with available experimental material
and no allowance for atmospheric glow as affecting the radiobright-

ness temperature of the wafer surface.

A comparison of the calculation results given in the report
with available experimental data is made in the appropriate sec-

tions. -
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ELECTRICAL AND RADIATION CHARACTERISTICS OF WATER IN THE
DECIMETER AND METER RANGES

V. Yu. Rayzer, Ye. A. Sharkov, and V. S. Etkin

1. Electrical Characteristics of Fresh and Salt Water

The Debye dispersion model /1,2/ is assumed in the calcula-
tion of the electrical characteristics of a smooth water surface.
In the UHF range the real and the imaginary parts of the dielec-
tric permittivity‘[ﬁielectric constan§7 of water can be represented

as /1,2/
gl b b g, l
14 AT L (1)

TS T Y | /
.-£-£+(A‘/A)8 1’#606/\1 } (2)

where Asfis the critical wavelsngth, determined by the relaxation

time of the water molecules
is the static dielectric constant,

™~
A

is the optical dielectric constant, {

™
Q ~ O

is the radiation wavelength, ard
is the specific electroconductivity of the NaCl solu- /6

tion.

The dependende of the static dielectric constant on temper-
ature is of the form / 3_/:

&y = 87 74 - Q40051 + 9,358 1074 - 441045 °¢° (3)
with an error of 0.01 unit, where t is the water temperature in
ocC. ,

The optical dielectric constant is assumed to be identical
for salt and fresh water; the dependence of €5 On temperature,

according to / 3/, can be written in the form:

&=5+00at. | (4)



For agueous solutions of sodium chloride, the values of AS;
and o as functions of salinity3 and temperature were found by o
means of data in the reports /3,7/. Calculations of the dielec-
tric constants of fresh and sea water for different ftemperatures
and salinities were made on the basis of Egs. (1) - (4), computer-

aided. The results are presented in Tables 1 and 2 and in_graphs.

The real part of the complex dielectric permittivity of both
fresh and salt water increases with ilncrease in the radiation
wavelength in the range 0.3-10 cm, and for fresh water this rise
with increase 1n water temperature proves to be more strongly

pronounced.

When the wavelength is increased from 10 to 200 cm, €' 1is
virtually independent of A. Its value for fresh wafter is some-
what higher than for salt; with increase in temperature, ¢! falls

off at the same salinity (Fig. 1).

3 The concepts of salinity and.molar concentration are used in
estimating the saltiwconcentrations in solutions. By salinity
(S) is understood the total amount of dry residue in grams iso-
lated from one kilogram of sea water. Salinity is expressed

in g/kg or in weight percent, that is, 1 weight percent = 10 g/kg =
= 10 per mil (per mill) /14%/. In /5 / the following formula is
proposed, relating 3 per mil:with the molar concentratilon (M) of
NaCl in sea water: S per mil = 75,13 M (NaCl). As reference
information we note that the mean salinity of the World Ocean

is 35 per mil., For the Atlantic and Pacific oceans, 37.5 and

35 per mil, respectively, and 2-7 per mil; for the Baltic Sea
éﬁﬂ,§7. The validity of the model experiments in which sea
water was replaced with an NaCl solution (as, for example, in

/7 7) must be carefully discussed in each case (see Section 2).



In the millimeter range (0.3-1 cm) generally‘there is no ZZ
effect of galinity on €. In the decimeter and meter ranges the
virtually, identical variation of ¢ with salinity change O to 40
per- mil/ls observed, [namely, about 15 percent of the relative

change from the mean value of ¢ (t = 0° C).

From Fig. 1 it folliows that the effect of temperature on ¢
1n the decimeter and meter ranges is of the same order as the
effect of salinity, namely, with a femperature rige from O to

300 C the relative change in ¢' is 14-1& percent.

We note that the effect of femperature on ¢ in the milli-
meter and decimeter wavelength ranges varies: 1n the first region
¢! rises with increase in temperature, while in.the second --- 1t

decresases.

The loss tangent for A= 0.3-1 cm have a maximum for both
fresh and salt water; it shifts toward the smaller wavelength side

with Incerease in Lemperature (Fig. 2).

In the region A= 1-20 cm, tg 6 for salt water has a mini-
mum, shifted toward the side of longer wavelengths (all the way
to 20 cm) with decrease in temperature (salinity kept constant),

as well as with decrease in salinity (temperature kepthconstant).

For fresh water, even from a >1 cm the change in tgé shows

a linear decrease with respect to wavelength, !

Like the dependence of the real part of the complex dielec-- [@
tric permittivity, tg 6 is virtually independent of saiinity in
the mlllimeter range. In the decimeter and meter ranges, the
conductivity of salt water causes a sharp rise in the loss tTangent,
which differs from 1tas value for fresh water by two to three orders
of magnitude? (while €' varies by about 15 percent in relative
magnitude), which -- in furn -- is reflected in the radiation

characteristics of salt water.



We note that in the range A= 5-20 cm there 1s a change
in the temperature dependence of the loss tangent for salt water,
while for fresh water throughout nearly the entire wavelength

range tg & decreases wlth increase in temperature.

To examine the further trend of the dependence of the loss
tangent on wavelength for fresh water, we must know 1its ¢onducti-
vity, which has strong variations as a function of the type of
fresh water. The specific conductivity of natural bodies of water
varies within wide limits (from 10° to 1073 (ohm¥me€er)_l, { deter-
mired by the chemical composition of the water. And the maximum
specific conductivities of the order of hundreds (ohm—meter)_l
pertain to highly mineralized waters of petroleum deposits and

certain ore waters.

The specific conductivities of fthe order of 0.125m10—1 -

1073 (ohm~m)_l are characteristic of ground and rain fresh water
15/

Values of specific conductivity of the order of 5:10°
(ohmvm)—:L /15/ are given for pure distilled water, which does
not lead to a subkstantial change in tg 6 in this wavelength range.

6

Actually, the correction to the loss tangent for pure dis- ZQ
tilled water, with allowance for its specific conductivity in
the meter wavelength range ( A= 200.cm) is of the order of 1072
units. This correction decreases with decrease in wavelength,

as can easily be seen from Egs. (1) - {2).

Let us estimate the loss tangent for various natural waters
in the meter wavelength (A = 200 em): it is 1000 - 1600, regspec-
tively, for the waters of petroleum deposits and certain ore

waters and 2-0.,1 for surface ground and rain water.

Hence 1t is clear that the loss tangents of various natural
waters very strongly depends on the chemical compositiconoof fresh

water.



In.the present study, it was assumed that the specific con-

ductivity of fresh water is absent, i.e., o = 0,

The report 1?27 contains analogous results of the calcula-
tion of the dielectric characteristics of sea and fresh water.
However, in this study the effect of sall concentration is re-
duced only to changing the electroconductivity of the solution.
This vilew leads to the independence of the real part of the com-
plex dielectric permittivity on salinity. It 1s also assumed that
the valuesz of AS and €q are functions solely of temperature, which
differ: from those adopted here. It should be noted that the
dependence of Agq and €5 on temperature in /12/ was taken from
earlier publications (1948). In contrast, the functions used in
the presgsent study are taken from 1961 publications. Also, in
/127 the walue of the optical constant €y is identical for all
temperatures, in contrast to Eq. (4). A11 this accounts for the
discrepancies in the values of ¢! and tg 6 , though the nature of

thelir variation with! respect tTo wavelength remains the same.

It can be shown that the discrepancies in the values of e Z;Q
for fresh water are relatively small and amount to 2.5-3 percent;
for the loss fangenis, these differences are somewhat higher --
about 10-30 percent. The strongest differences are observed in
the electrical characteristics of sea water of high salinity
(40 percent) -- for the dielectric constant the results differ
by 20-30 percent, and tg ¢ -- ‘'by nearly twofold.

2. Review of Ixperimental Data on the Electrical Characteris-
tics of Water

We begin thils section with a comparison of the calculation
made and avallable experimental data 1in the decimeter and meter
wavelength ranges for fresh water. These data are taken mainly
from a detailed handbook by Ya. Yu., Akhodov 179_7 and a recent

review / 4 /.



From an examination of the data shown in Figs. 3 and 4,
where the results of calculating €' and tg 6 for fresh water
(on an altered scale with respect to Figs. 1 and 2) and exper-
1mental data from the studles Zi6—2§7 are presented, we can con-
clude that there is good agreement between the results of calcu-
lation based on the Debye model for fresh wafer in the decimeter
range. For most experimental points of €', the agreement with
the calculated curve is better than 0.3 percent, and only four
experimental points have a nonagreement wlth the calculated curve

of the order of 1 percent.

Experimental investigations of the dielectric constants of
sea water, an electrolytic golution of the salts of Na, K, Ca,
Mg, Ba, and ofther elements, are few and contradictory.

An important, but little-studied problem in the investiga-
tion of the electrical characteristics of sea water is the pro-
blem of the effect of salts, besides scodium.chloride, on..the di-

electric properties

Very recently, as part of an investigation of the possibi#
lities of the remote probking of the ocean surface, a detailed
study was made / 8 / of the dielectric characteristics of sea
water samples taken from different parts of the World Ocean and

solutions of various concentrations in the 11 cm range.

From an inspection of Figs. 5 and 6 (the argument of ‘the
graphs is the weight concentration of sodium:chloride in the
gsolutions 1_8;7), it i1s clear that the dielectric constant of
sea water e'y is smaller than the dielectric constant. bf a sodium

4 On the average, sea “water with a salinity of 35 per milicon-
tains the following Ziﬁ; 57: NaCl ~-- 27.2 g per kg of water;
MgCl, -- 3.8 g; MgSO, -- 1.7 g;‘CaSOle -- 1.2 g; K;80, -- 0.9 g;
CaCO3 -- 0.1 g; other compounds present in the water of oceans

are contained in very small amounts.



chloride solution of the same concentration as the sea water,

' -
€NaC1? for all zalinity values.
The dielectric constant of tap water differs from the €' of
distilled water only slightly -- by a relative val ue of about

0.3 percent; and the losses are virtually the same for these

types of fresh water.

These graphs enable us to examine an experimentally important
problem, the validity of the modeling of sea water with a sodium

chloride solution.

The real part of the dielectric permittivity eﬁ of sea water
with a salinity of 35 per mil, containing 27.2 g per kilogram of
sodium chloride solution is smaller than the GﬁaCl of an NaCl solu-
tion containing 27 .2 g/kg of this salt, by a relative value of
about 0.5 percent (0.4 unit of the mean value of ' = 80) and, /12

if we are concerned with experiments, where the relative preci-
slon in the determination of about 0.5 percent does not play a

role, the modeling of sea water with the corresponding solution

of NaCl can solve the problem posed.

If in the experiments we use a sodium chloride solution with
a concentration of 35 g per kg of solution, the relative srror in
the determination of €' .:will be positive and amount to about 2
percent (about 1.5 units of the mean value ' = 80). When it
is necessary to reduce these: errors, sea water must be modeled
with a 35 per miliNaCl solution having a concentration of 29.5
g/kg, as follows from the experimental plots.

As far as the losses are concerned (Fig. 6), ¢y differs from
the 6%&01 of the sodium chloride solution (with a concentration
corresponding to the NalCl concentration in sea water) by about
4 percent (salinity is 35 per mil), and the error here rises with

increase 1in salinity.



When an NaCl sclution with a concentration of 35 g per kg
of solution is used, the losses in this solution will be much
higher than in sea water with a 35 per mil.salinity, by about
15 percent.

All the foregoing pertains to the 11 cm range. In the shorter-
wavelength range, the difference in the electrical characteristics
of soluticns of electrolytes will be reduced, asg 1s also true of
the effect of the different chemical composition of the electro-
lyte. In the decimeter and meter ranges, the tendency is the
reverse and the problem of modeling sea water with a sodium
chloride solution when analyzing electrical characteristics must

be so0lved experimentally.

We once again note that in the related calculations and graphs
of the studies /7,12,13/, in the present study by salinity (in
ppt Zﬁérts per thousan@7 18 meant only the presence of sodium
chloride in the solutions. And if we discuss the high precision
wlth which the calculations of the dielectric parameters (up to Zli
0.1 percent) were made (/ 7_/), then with reference to the above-
expressed considerations, 1€ must be stated that the salinities of
the sodium chloride solution do not correspond to the salinities
of sea water, in contradliction to the assertions of the authors
of this study concerning the negligible effect of other salts on
the electrical parameters of sea water, Still,,‘generally speak-
ing, at each wavelength one can find a definite correspondence
between the salinity of sea water and the salinity of the sodium
chloride solution in the sense of the identity of their electrical
parameters. For example, from Fig. 5 it follows that sea water
with a 35 per’mil-salinity has virtually the same electrical para-
meters at a wavelength of 11 cm as a sodium chloride solution with
a concentration of about 29.5 g/kg (or 29.5 per mil).



3. Radiation Characteristics and Radiobrightness Temperature of
Water Surface

The emissivities of a smooth water surface with vertical
Ty, and horizontal Ih polarization, and the coefficient of polar-

ization P are given by the following expressions:

W1 & easd s

| a{’/x{’wﬁf*e(eg tefpegs et 8e’ | (5)
_ acgs
" (eoibrasts 42 (©)
_ @,V* 2fh ’ (7 )
{[(e e +£”"’J ‘e snf’ (6)
,2-5"![(‘5 Csint6fre T e i) (9)

where 6 is the angle of observation, measured from the vertical, /14
Ty, Ih’ and P are functions of temperature t, salinity S, angle
of observation 6., and ﬁadiation wavelength A,
The radiation characteristics of a smooth water surface,
calculated by Egs. (5) - (9) for different temperatures, salli- /
nities, and angles of observation are represented by a scries of

graphs 1n Table 4 2.

To estimate the penetrating power of passive probing, the
coeflficient of absorption @ and the "effective depth” L were cal-
culated, where a 90 percent radiothermal radiation.of the layer
was formulated:

Q 2737['-‘(’*’!* ‘J'i)j"" (do/m) (10)
(m} . (11)

o - a
ﬂ , ._-— N
"

5 The discrepancies with the data in /I2/, for reasons given
above, are from 2 per mil/ (fresh water) to 25 per mil|{salt water)

for emissivity, for a zero angle of observation.
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In the wavelength range A= 8.5-200 cm (Figs. 7 and 8), the
value-falls off with increase in wavelength at 2ll temperatures
and salinities.  And for fresh water this decline is more pro-
nounced and is exponential in charactér:

e~ X gj

For fresh water, @ decéeese‘with rise in temperature, while
for salt water it rises, at the same salinities. With increase
in salinity at a fixed temperature, the coefficient of absorption
rises, All these changes 1n Q for =salt water do not exceed one
order throughout this wavelength range. The values of Q and L
for a= 18, 75, and 200 cm are given in Table 2. Zli

From Table 3 it follows that in the range A= 18 cm radia-
tion 1s formed in the fresh water layer 8.5 cm thick, and for
A= 75 em -- -in the layer 1.5 to 5.2 m thick (with variation in
t from O to 40° C). For salt water,| the layer forming the radi-
ation extends 1in depth from 1 to 5 cm (depending on temperature).

Fig. 9 presents the results of the calculation of the emis-
sivity I of a smooth water surface in the range from 3 mm to
200 cm, ‘the temperature range (0-40° C), and the salinity
range (0-40 per mily),

Prom an examination of the graphs, it follows that in the
fregquency dependence of I there are two wavelength ranges, ap-
preciably differing in the effe'ct of temperature and salinity
on ¥. The boundary (provisionally) lies at about 5-7 cm,” Below
this value the emissivity is virtually independent of salinity,
in general, and with increase in tempserature the value of I sub-
stantially decreases. This range is regarded as promising from
the standpoint of the remote determination of the surface temper-
ature of the World Ocean /24/.

In the decimeter and mefer ranges, salinity strongly affacts

¥ , and wilith increase in the working wavelength the effect of

H



sallnity increases. This 1s physically assoclated with a sharp
rise in the loss fangent in the decimeter and meter ranges (see

Section 2).

The emissivity of fresh water, as can be seen from the
graph, in general does not depend on wavelength owing to the
absence of the frequericy dispersion of the dielectric constant

and the smallness of the loss tangent.

The radiobrightness temperature curves are shown in Fig. 10,
The trend of these curves in general is analogous to the curves
of the emissivities (Fig. 9). Even tholUgh here there are several ZLQ
features, for example, in the wavelength range A = 20 cm, the B
curves for the various salinlties intersect and change thelr tem-
perature dependence. The radiobrightness temperaturss of fresh
water comprise tThe range 95—1150 K in the decimeter wavelengths.
With increase in wavelength (especially in the meter range), there
is a drop in the radiobrightness temperatures of sea and fresh
water and it 1s of the order of 80° K (A= 100 ecm, t = 40° ¢);
with decrease in surface temperature, this drop becomes smaller

at each wavelength.

The dependence of the emiésivity of a water surface on angle
of observation is shown in Fig. 11. Due to the large electrical
losses, the emissivity differs guite appreciably from unity?near
Brewster's angle. However, the value of this angle remains nearly
the same as for [resh water, as for sea water; it is about 83-850,

independently of the radiation wavelength.

The ftemperature characteristics in this range are guite un-
usual. For example, in Fig. 12 are constructed the temperature
functions at the wavelength 18 ¢m (angle of observation is the
nadir). From these graphs it is clear that for fresh water there
iz a positive gradient of I with respect to temperature; for
salt water (40 per milﬁ there is a large negative gradient; and

for water with a salinity of 20 per mil, generally the temperature

11



dependence of emissivity 1s absent. From these graphs 1t 1s also
clear that for any working wavelength it 1s possible to find the
salinity for which the dependence of I on temperature will be

absent. We note that we are discussing emissivity, while the
situation is otherwise for radiobrightness temperatures. For

example, in the case present for water with 20 per mil!salinity

T, . at 40° ¢ is higher than at 0° ¢, though the emissivity remains /17
unchanged (Fig. 12).

Analogous curves are shown in Fig. 13 for the radliation wave-
length 75 cm.

1

Since the quiet water surface is used for calibrating the
radiometric ftemperature, we must take into account these features
of the temperature dependence of the radlobrightness temperature
of water with varying salinity. Similar features are absent in

the centimeter and millimeter ranges.

Figs. 14 and 15 present graphs of the dependence of emissi-
vity and radiobrightness temperature (at the nadir, 8 = 0°) on
galinity for a number of wavelengths: 18 em, 75 cm, and 200 cm.
Common to these curves for the decimeter and meter wavelengths
is a decrease in emissivity and in radicbrightness temperature
with increase in water salinity, where this reduction is nonlinear

especially in the meter wavelength range.

In addition, temperature has a fairly strong effect: at the
wavelength of 18 cm and at 0° C, 1in general there is no effeact
of salinlty on I ; at 0° C, the drop in the.value of I with var-
iation from O to 40 per mil is 0,04 (Fig. 14). With incrsase
in the working wavelength, the drop in emissivity increases also
for \ = 75 cm and 200 cm, being {(t = 20° C) approximately 0.17
and 0,25, respectively.

The drop in radiobrightness temperature ‘ber with variation

in galinity from O to 30 per mil;is as follows (Fig. 15):



2% Azlg cu A=75 cm

0 0% 20°K
- 20 5°K 50%K
40 18% 62%K

For the normalized sensitivity of the radiometric system of Zl@
the order of about 0.4° K, the number of gradations when salinity
is varied from O to 30 percent at t = 20 ¢ 15 2 -3m — 25 45197
-at wavelengths of 18 em and 7% cm, respectively. :

However, as follows from these figures, with 1lncrease in
A there is a rise in the nonlinearity of the functions, and a
rapid change in 71 , as well as in Tbr is observed in the salinity
ranges from 2-5 per mil:to 25-25 per mil with a subsequent abrupt
drop in the gradient of ¥ as a function of 8. Therefore, the
first recommendation 1in the imvestigatioﬁ of salinity canh be seas
with low salinity, for example, the Baltic or Black seas, and

also regions of the flow of rivers into an ocean.

It should be noted that temperature strongly affects (Fig.
15) the gradient of T p
there is no linearity of this function (up to salinities of the
order of 20-25 per mil),

as a function of S in-.the region where

A=Ig cm 3 A75 _cm
£°¢ L BIas Kt s A0 i 4TAL K,
0 ' 0 0 I
20 . 0,25 20 2
40 ‘ . 0,5 40 4,5

We note that when interpreting experimental material, one
must know the thermodynamic temperature of:.the surface. Inves-
tigation of the salinity dependence of polarization character-

isties revealed the following.
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The sensitivity of the radiation characteristics to the sali-
nity of two polarizations substantially depends on the type of
polarization, .where for vertically polarized radiation thils char-
acteristic increases with respect to the analogous quantity
for observations at the nadir. ©For € = 20° ¢ and salinity change
from 0 to 40 per mil, the change in the radiobrightness tempera-

ture when observations are made of vertically polarized radiation /19

(6 = 30°), the AT, for A= 18 cm and 75 cm is 13° K ana 60° X,
respectively (Fig. 15a).

From thig it is clear that observation of vertically pola-
rized radiation (e = 300) yields an advantage in particular in
the meter wavelength range, though not very substantial. With
an increase in the angle of observation to 8 = 600, the advantage
in the contrast lebr
with observations at the nadir can be up to 1.7 times in the meter

of vertically polarized radiation compared

range.

The zensitivity of the value of X, of horizontally polarized
radiation to salinlty decreases with increase in the angle of
observation and, evidently, is not of special interest for the

problems considered here,

Polarization Characteristics

By analyzing the graphs (Figs. 16, 17, 18} which present the
angular dependence of the coefificient of polarization (P) and the
frequency dependence of P, we should note an. important feature-
of the polarization measurcements: weak dependence over the ;entire
wavelength range of the coefflclent of polarization on the water

surface temperature (see also Table by,

The dependence of B on salinity is also relatively weaky
with a slow rise in the effect of salinilty on the coeffilcient
of polarization 1n the meter range. Thus, for § = 300, £t = 20° C,
and a salinity change from O to 40 per mil/, P changes (in absolute



value) by O.4 percent (A= 18 em), 1.6 percent { A= 75 cm), and
0.2 percent ( A= 200 cm) (Fig. 18).

When the angle of observation is decreased, the change of
P in the meter range does not exceed 8 percent in absolute magni-
tude (0 < 60°, t = 40° ¢, A= 200 cm).

Experimental Regsults /20

There have been virtually no special studies of the radiation
characteristics in the decimeter and meter range in the tempera-
ture and salinity ranges, however, the theoretical possibility
of distingulshing different degrees of salinity from radiocbright-
ness temperature observations was ghown ZEB,E§7. Using an-air-
borne passive radar in the wavelength 21 c¢m, profiles of the sall-
nities of several routes were obtained during a [light over the
mouth of the Missisgippi River (estuary) into the Gulf of Mexico.
After computer processing of the results, to reduce the redundancy
color profiles of salinity (four gradations) from fresh to sea

water were constructed.

The sensitivity of &Tbr to salinity was. about 1° K per 1

per mil change in salinity.

Nonetheless, the profiles found appreciably supplement marit

time ‘maps of the distribution of the salinity of this estuary.

The question of modeling sea water with different salt con-
centrations with NaCl solution in measuring the radiation charac-
teristics is essentially, particularly in_the eXxperimental aspect.
From an inspection of the functiona?;af@?j (when o = OO), the
coefficients%ﬁ%]and%%%%fare 1.5-10_3 and 1°107° unit of measure-
ment per unit of change in €' or in €" in the range 8}14 80.

It can be shown that in the range A = 11 cm the absoluﬁe diffe-
rence of the radiation characteristics of an NaCl solution con-
taining 35 g salt per kg of solutilon and of sea‘water with 35
per mil ;salinity (see Section 2) 1s of the order of about

15
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1,3-10_2, and the corresponding difference in the radiobrightness

temperature {(for T, = 300° K) 1s 3-4° K.

Interestingly, this difference is composed mainly of a change /21

1n the quenching of the NalCl scoluftion and of actual sea water.

In the shorter wavelength range, apparently the difference
in the radiation characteristics of these electrolytes decreases,
while in the longer wavelength range the situatlon l1s the reverse,
and for a sufficiently high precision in the measurement of radio-
brightness temperatureg, the modeling of sea water with an NaCl

solution (of the same salinity) is not applicable.

Further experiments must show the degree of the dependence
of the radiation characteristics of an electrolyte on its chemical

composition.

4. Allowing for Atmospheric Glow

In view of the gignificant dependence of the coefficient of
reflection of a water surface on Irequency, allowance for atmo-
spheric glow (atmosphere and cosmic noise) can substantially modify

the above-presented ratios of radiobrightness temperatures.

The radicbrightness temperature, measuring with a radiometric
ayatem, in general is as follows (without allewing for attenuationf

in the atmosphere and the averaging action of the antenna radia-

tion pattern) /6,27/: ,
Top s —’&37' 72.\ (12)

where i,J = v, h -- (vertical and horizontal polarizations),
IJ. = emlssivity,
TH j = atmospheric glow reflected from the Earth'!'s surface,
which is:
L, g
S 4 5 / 7y (13)
7#; 4,}_;,} ({,«Vrgh, a( 0},3'”16?0/9 G/}DW



where EG{Q? is the radicobrightness temperature of the atmo- /22
- sphere, and
‘z;;i(fgajgﬂf)] are the coefficients of surface scattering! here

: _12?% ol gnt S
'afd-=.:f 45 §§(5v+§&1§defJ (14)

Since the quilet water surface is a virtually mirror surface
in the ranges considered, that is, §;=$hﬂéﬂdﬁfj , in other

words, the coefficients ¥;y 8TE delta functions, Eg. (12) becomes
simplified:
%;If%z*'(f'%-}?;.} (15)

When measuring radio emission from rough surfaces (wave-
tossed sea and solid surface), especially at grazing angles of
observation (O >6OO) in ground surface experiments, allowance
for glow must be made with reference to the complete expressions
Eqs. (12) - (14) and the distribution of atmospheric temperature
/7 7, and the averaging action of the antenna radiation pattern

Not belng sufficiently exact, Eq. (15) nonetheless gives
the first order of correction to the effects of glow jcaused by
atmoepheric radiation and in the meter range can qualitatively
alter the functions under discussion, since the brightness tem-
perature of the atmosphere in this range is 20-50° K /28/.

With reference to Eq. (15) and the averaged radiobrightness
temperature of the atmosphere in the decimeter and meter ranges

[§§7 and in the millimeter and centimeter ranges (for the model

2

of the atmosphere with content of precipitable water 1-10 cm)

6
As shown by experiments /30/, these effects are considerable

even at .angles of observation larger than 50-60° with an antenna
that has a pattern of about 10°.

17
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Z§g7; Fig. 19 presents the radiobrightness temperature curves for
the water surface. As can be seen . from comparing Fig. 10 and 123
Fig. 19, the effect of atmospherlic glow on these functions is
substantially. Namely, even at wavelengths > 1 m a sharp rise

in the radiobrightness temperature of the water surface 1is ob-
gerved, 1ndependently of its thermodynamic temperature and the
salinity, which 1s related to a rise in the noise temperature of
the atmosphere in this range. And the TanPf salt water (40 per
mil 'is 80-90° for the 1 m wavelength, while this quantity, with-
out allowing for glow, T, ., is 40-50° K (Fig. 10). From Fig. 19
there follows the important conclusion that the optimal range

when one investigates the salinity of sea water by remote methods
is the 50-80 cm wavelength range. With a further increase in

the wavelength, the dependence of Tbr,H on salinity falls off

guite rapidly. The values of T in the above-indicaited range

br,H
lies in the range T5-135 for fresh and for salt water.

Figs. 20, 21, and 22 are detailed curves of the radiobright-
ness temperature with allowance for atmospheric glow as a function
of salinity and the thermodynamic temperature of the water surface
at the wavelengths 18 and 75 cm.

The examination of the effect of salinity on the trend of
the T, . curves (Fig. 20) shows that glow increases absolutely the
value of the radiobrighiness temperature by not more than 3—50 K
(wavelength 18 cm) and approximately by 20° X for A= T75 cm (see
Fig. 20 and Fig. 15). And in the former case the nonlinear de-
pendence of the radiobrightness temperature with variation in
salinity in general is retained, while in the latter case ~- some
change in its character takes place. Especially at the radiation
wavelength of 75 cm the boundary of the abrupt decrease in the
gradient /_\Tbr,H/AS shifts toward the 10 per mil:gsalinity range
(t = 40° C). The analogous boundary without allowing for the
glow ATbr/'AS lies in the region of 20-25 per mil.salinity

(t = 40° ¢). This circumstance confirms the earlier-made



conclusion of the utility of investigations of low salinities {24
(from 10 to 12 per mily) by remote methods at the working wave-
length of 75 cm.

The gradients ATbr,H/AS and ATbr/ AS (Figs. 20 .and 15)
in the salinity range 0-20 per mll. at the wavelength 18 cm show
nearly no change (see Section 3); at A= 75 cm in the 0-10 per )
mil | range, ATbr,H/ZAS is 3.5° K/1 per mil when t = 40° C, and
further, 0.8° K/1 per mil(15-40 per mil) (compare Section 3).

The effect of the noise temperature of the atmosphere in
the temperature dependence of Tbr,H (To) (Figs. 21 and 22) reduces
to an lnerease 1in the absolute radiobrighitness temperatures of not
more than 8 and 20° K (at A = 18 and 75 cm, respectively). The
nature of the curves remains virtually unchanged (compare Figs.
21 and 12, and Figs. 22 and 13).

The general trend is cone of a rise 1n the negative gradient
ATerH/sz with rise 1n salinity, especially at the wavelength
TH em, though for fresh water this gradient is always positive.
At the salinity S = 40 per mil and A = 18 cm, the temperature

function is virtually not observed.

H. Coefficient of Reflection from Water Surface. Experimental
Data

Owing to developments in the possible application of radar
systems in the decimeter and meter ranges for determining the
parameters of the water surface (for example, ZEilegiblg7), it
i1s of interest to investigate the problem of the dependence of
the coefficient of reflection (with respect to thickness) in
this range on the thermodynamic temperature and on salinity.

The coefficient of reflectjion with respect to thickness can
be found from the relations (5) and (6) given the condition (see
Section 4) that
IRI*=1-22. | (16)
19
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From an inspection of Fig. 23, where the frequency functions 125
(for observations at the nadir) are given for the temperatures
of 0, 20, and 40° C and the salinities of 0, 20, and 40 per mil, |
1t 1is clear that in the centimeter range the coefficient of re-
flection increases with increase 1n wavelength, there is no de-
pendence on salinity, and a unique dependence on temperature
(for wavelength of 5-7 cm) is observed —- the higher the tLempera-
ture, the higher the coefficient of reflection.

In the decimeter and meter ranges, the dependence on wave-
length for fresh water is absent, while the dependence on temper-
ature is an inverse one -- the higher the temperature, the lower
the coefficient of reflection. And the radiation wavelength has
nearly no effect on the gradient AIRIS/ AT,, which is a value

of 6-10_2 percent per degree of temperature change.

For fresh water at all salinities, the coefficient of reflec-
tion is higher than for fresh water. The temperature gradient
for sea water can be either negative, or posltive, depending on
salinity. More detailed temperature curves and salinity func-
tions can be obtained from data shown in Figs. 12 and 14 (A=
18, 75 cm) or from Table 4 with reference to Eq. (16).

Experimental data. Published experimental resulfs on the

measurement of the coefficient of reflection in a wide frequency

range are relatively few.

The study /31/ presents the results of measuring the IRI
of an open surface of fresh water in the centimeter range over a
wlde range of temperatures. Fig. 24 gives the results of calcu-
lations of temperature functlons at the freguencies of 13.7 and
22.2 GHz and experimental points at the freguencies 19, 24, and
22.43 GHz.

From a comparison of these results it is clear that the dif- /26
ferences in the ranges 1.6 and 1.35 cm are about 0,25 percent
and about 1 percent, resgpectively. This difference evidently was

caused by the nonagreement of experimental and calculation frequencies.

oy
’



Of major interest 1s a study 1327 in which are presented
experimental frequency characteristics of IRI2 of fresh and sea
water in the wilde frequency-range from 0.1 to 4 GHz, where in
the 2.5-4.0 GHz measurements were made with a sweep generator
from the open water surface, and a special coaxial chamber for

water was designed for the 0.1-2 GHz range.

In the low-fregquency range the calculated curves (dashed)
agree well with the experimental pcints for the same salinity
values (Fig. 24).

The results obtained in the 2.5-4.0 GHz range raise doubt,
since the coefficient of reflection throughout nearly the entire

range is smaller for sea water than for fresh.

In addition, the burst in the value of IRI® at about the
frequency 3 GHz is doubtful.

The very authors of this experiment /32/ regard the experi-
mental results in this range as well as the features noted to be
insufficiently exact to draw conclusions on the features of the

electrical properties of salt water.

The conclusions on the possibility of modeling sea water
with an NaCl solution by comparison wilth data from measurements
of radiation characteristics, given in Section 3, are fully wvalid
also when compared with experimental data on reflection charac-

teristics.

From these calculations made with the experimental data it
can be concluded that the use of the frequency range'below 1 GHz /27
is effective for the purposes of detecting and measuring the

salinity of fthe water surface in the active measuremernti mode.

Conclugions

Based on the above-given results the following conclusions

cah be drawn.

21



1. There is no well-defined frequency dependence of the di-
electric constant in the decimeter and meter ranges. Owing to
the presence of a hilgh specific conductivity of sea salts, the
loss tangent in the decimeter and meter ranges rises sharply,
while for fresh water, the loss tangent decreases linearly in
the 1-200 cm range. The values of €' and tg 6 , calculated for
fresh water, agree well with available extensive experimental
material, which enables us to evaluate the validity of the Debye
polarization model for fresh water in the UHF range.

Experimental data on the electrical characteristics of sea
water are scanty, therefore a definitive decision on the corres-
pondence of the Debye dispersion model for solutions of electro-

lytes in the low-frequency range 1s a matter for the future.

2., The emissivity of fresh water at wavelengths longer than
10 cm is virtually independent of frequency for a fixed water
surface temperature. The emissivity of sea water falls orff with‘
increase in wavelength and in salinity. The coefficient of pola-
rization depends weakly on temperature and salinity in the decil-

maeter and meter ranges.

3. Atmospheric glow delimits on the long-wave side the range
of wavelengths which can be used for remote probing using passive

measurements of! wavelengths of the order of 1-2 m.

The presence of atmospheric glow substantially reduces the /28
sensitivity of the radiobrightness temperature toward a change

of both the thermodynamic température and of salinity.

4, The 3-8 cm wavelength range can be recommended for the

measurement of the surface temperature by passive remote methods.

But for investigating salinity, the most advantageous is
the 50-80 cm range (with reference to atmospheric glow) with the

detection predominantly of vertically polarized radiatlon.



When 0.3 (0.8) and 18 cm range radiometric systems are avail-
able, the temperature fields of a smecoth water surface (first
wavelength) and the salinities (with reférence to temperature)
can be measured from data at the second wavelength on the gradient
of the radicbrightness temperature per unit change 1n salinify
of 0.3-0.59 K,

Selection of the optimal wavelength depends on the irradiated
salt concentrations. Thus, passive methods can be recommended
for seas with weak salinity or for regions in which rivers flow

out into the ocean.

5., Experimental data on the coefficient of reflection with
respect to thickness in the low-frequency range (100 MHz - 2 GHz)
agree with the calculated functions for’the same salinities and

thermodynamic temperatures.

Use of the low-frequency UHF range (below 1 GHz) is desirable
for investigating the distribution of salinity by actlive remcte
methods,

In selecting the wavelength for probing, the resolving power f

with increase in wavelength must be taken into account.

An examination is made of the effect of sea water temperature /29
and salinity on its dielectric constants and the radiation charac-
teristics of a smooth water surface in the 10-200 cm wavelength
range. With reference to the dependence of dielectric constants
on temperature and salinity, and also the effect of atmospheric
glow, it wag shown that the optimal working range of working
wavelengths for investigating the distribution of the salinity
of an ocean by remote passive methods is the 60-80 cm range. And
corresponding to a salinity change from O to 30 per mil is a 43.5°K
decresasge in the radiobrightness temperature at the wavelength

75 cm, when the temperature of the radiating surface is 200 C.

Experimental material was compared with theoretical calcula-

tions.
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TABLE: 1. ELECTRICAL CHARACTERISTICS OF FRESH AND SEA WATER
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TABLE 2. ELECTRICAL CHARACTERISTICS OF FRESH AND! SEA WATER

...
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TABLE 3. ATTENUATION AND EFFECTIVE LAYER OF |
FRESH AND SEA WATER
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TABLE 4. RADIATION CHARACTERISTICS AND COEFFICIENT
OF POLARIZATION QF FRESH AND SEA WATER
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